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CORRELATION OF LON SPEEO HIND TUNNEL AND FLIGHT TEST DATA FOR V/STOL AIRCRAFT 

by Woodrow L. Cook and David H. Hickey 
Ante s Research Center, NASA 
Moffett Field, California 94035 


SUMMARY 


The availability of wind tunnel test data for correlation purposes of the same V/STOL aircraft tested 
In flight is very limited. TM$ is due In a large part to sire limitations of wind tunnels and the number 
of wind tunnels available for testing of full-scale aircraft. 

Since the AGakD meeting at Rome In 1965 the NASA Ames Research Center has tested two additional research 
aircraft - the XV-58 fan-ln-wing aircraft and the Y0V-10 RCF (rotating cylinder flap) aircraft - In the Ames 
40- by 80-Foot Hind Tunnel. The tests were conducted specifically to provide for correlation between wind 
tunnel and In-flight aerodynamics and noise test data. Correlation between aerodynamic and noise data are 
presented and testing techniques that are related to the accuracy of the data, or that might affect the 
correlations, are discussed. 


NOMENCLATURE 
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b 

b t 

C 0 

°L 

0 

°L 

L 

HO 

HU 

n 


area of V/STOL lifting element, n(irO L 2 /4) 
momentum area of aircraft, irb f /4 
wind tunnel cross-section area 
acceleration, g 
wing span 
tunnel width 
drag coefficient, 0/„ 


PHdB 

Q 

S 

T 

V 

v 


lift coefficient, 1/ 


'qs 


qs 


a 

aircraft drag By 

diameter of lifting element, fans or propellers y 

lift 6 e 

aircraft nose down 

aircraft nose up 0 

number of fans or propellers SPl 


perceived noise level (PHI), dB 
dynamic pressure 
v,ing area 

fan or propeller thrust 
velocity 

relative jet velocity, Vj -V 

aircraft weight 

angle of attack, deg 

fan louver vector angle, deg 

aircraft flight path angle, deg 

elevator deflection 

flap deflection 

aircraft angle to horizon, deg 
sound pressure level 


Subscripts 

a aerodynamic 
e elevator 
F flight aircraft 
f flaps 
j jet 
M momentum 


i, normal 

R relative to free stream velocity 

T „ind tunnel 

V fan louver 

x horizontal 


1. INTRODUCTION 

At the Rome AGARD Flight Mechanics Panel Meeting In September 1965, a paper (ref. 1) was presented 
reporting the correlation of wind tunnel aerodynamic test data with flight test data for several V/STOL a.r- 
craft. Four of the aircraft were tested both In the Ames 40- by 80-foot Hind Tunnel and In flight. More 
recently, additional specific data have been obtained In flight tests of the XV-5B fan-ln-wing aircraft 
(Fig. 1) and the Y0V-10 RCF (rotating cylinder flap) STOL aircraft (Fig. 2). The specific aerodynamic data 
test points simulating level flight and decelerating, descending flight conditions for the two aircraft were 
also obtained In the 40- by 80-foot wind tunnel ever the lew speed range for correlation with similar flight 
test points. This approach reduced the interpolation of the data and the reliance on parametric Information 
for correlation purposes. Measurements have also been made of the noise characteristics of the XV-5B and 
Y0V-10 RCF aircraft and correlated with noise data measured In the wind tunnel at the same flight conditions 
of speed, attitude, power, and fan louver settings or propeller pitch settings. 

The correlation of noise measurements made with a J-85 engine mounted on a F-106 aircraft during low 
altitude flyovers with the same J-85 engine mounted on a model and tested In the Ames 40- by 80-Foot Hind 
Tunnel are also reported. 


2. COMPARISONS OF AER00YNAMIC DATA 

Table I shows some of the characteristic features of the XV-5B , i YOV-IO RCF aircraft, reported In 
refs. 2, 3 and 4. Tip turbine driven 1 .1-oressure-ratlo fans were util lied In the XV-5B wings with each fan 
providing approximately 6800 1b (1090 kg) of thrust. The Y0V-10 RCF aircraft was operated In landing 
approach up to lift coefficients of about 4.3. The trailing edge flaps had four 12-1n. (0.305 m) diameter 
rotating cylinders mounted at the forward edge of the f!a,s and driven by hydraulic turbines at the end of 
each of the four cylinder sections at speeds of 7500 RPM. In general, the XV-6B approaches were flown at 
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Y« -10° and started at about 80 knots decelerating to hover conditions and vertical landing* The Y0V-10 
RCF aircraft approaches were at constant speed for a range of speeds from 55 to 75 knots with approach 
angles varying from 3° to about 8°. 

1V-5B V/STQL Fan- In-Mi no Aircraft: The XV-6B aircraft was mounted in the 40- by 80- foot wind tunnel in the 

conventional manner with a tall strut support as shown In Fig* 3* Wind tunnel measurements were made of spe- 
cific flight test points for steady, level flight, 1 g conditions, and for decelerating flight at 10° descent 
angle* The results of the wind tunnel tests, compared to flight test results for several level flight indi- 
cated air speed conditions, are shown In Fig* 4, where aircraft power, angle of attack, and louver angle were 
set at the same values as during flight test, longitudinal control was then set to the necessary position 
for trlnmed moment conditions In the wind tunnel resulting In a measured total lift and drag of the aircraft* 
Good correlation of stick position for trim conditions was obtained* The results also indicate that the 
lift in the wind tunnel for the lower speeds, 30 to 70 knots, was within 1 percent of the flight values of 
weight* However, at 85 knots the wind tunnel lift was measured at a value 4*7 percent greater than that 
obtained from the flight test results, perhaps partially due to a known problem with one of the lift recor- 
ding systems* This discrepancy Is equivalent to a difference in angle of attack of 1*2° and Is within the 
accuracy expected from ref* 1* The result Is not surprising because the aerodynamic lift is a relatively 
small portion of the total lift value (5% at 30 knots and 36% at 86 knots); thus the lift is relatively 
Insensitive to errors in angle of attack. The same may be said for longitudinal control, because even at 
85 knots a major portion of the longitudinal control is provided by the reaction controls. 

In Fig* 5 the wind tunnel and flight test data for the XV-5B In decelerating, descending flight at 
y * -10°, are compared. Comparisons are shown for longitudinal control stick position, normal and axial 
acceleration for the aircraft having the same power conditions, fan exit louver angles, and angle of attack* 
For these data the aircraft axis was approximately parallel to the flight path and the aerodynamic lift 
coefficient was about 0*5* A similar comparison is shown In Fig* 6 with the aircraft axis approximately 
horizontal during decelerating approaches at y * -10°. The aerodynamic lift coefficient was about 1.2 for 
the latter approach condition. Good correlation Is shown for stick position and normal acceleration with 
the aircraft deck parallel to the flight path; however, the axial deceleration values measured In the wind 
tunnel are 0.05 to 0*1 g less, (the greater differences occurring at higher forward speeds) than those 
obtained In flight test for the same power and louver angle conditions* Some of this difference may be due 
to the inability to determine strut Interference effects which would have a larger effect on the aerodynamic 
drag at the high forward velocities. The wind tunnel support struts were directly In front of the XV-5B 
landing gear and, hence, Id have reduced the gear drag and accounted for part of the deceleration value 
differences. Better correlation was obtained with the aircraft deck parallel to the flight path and with 
lower aerodynamic lift coefficient than with the aircraft deck horizontal during the descending flight tests. 
Normal and horizontal deceleration values measured in the wind tunnel differed by as much as 0.15 g from the 
flight test results for the latter condition* 

At the lower transition speed range, the differences between the acceleration values measured In the 
wind tunnel and flight tests are equivalent to less than 2° louver deflection angle for comparable deceler- 
ation values; 3-85 engine speeds must be 0.5 percent and 2.0 percent less for comparable normal acceleration 
values in the wind tunnel for deck parallel and deck horizontal approach conditions, respectively. However, 
at forward velocities above 55 knots, where the differences in acceleration are greater, the louver angles 
In the wind tunnel must be 9° and 7 Q more vertical to obtain comparable deceleration values; 3-85 engine 
speeds must be 2 percent and 8 percent less for comparable normal acceleration values for the deck parallel 
and deck horizontal approach conditions, respectively. 

V0V-10 RCF STOl Research Aircraft: The Y0V-10 aircraft mounted In the Ames 40- by 80-Foo' Wind Tunnel on 

two separate mounting systems Is shown In Figs. 7 and 8* The mounting system shown In Fig. 7 was used prior 
to the flight test, primarily for functional check out, under air load, of such systers as the rotating 
cylinder flaps, modified propeller, and Interconnect systems with the Lycoming T-53 'nglnes. The strut 
system shown In Fig* 8 was used specifically for the flight and wind tunnel test data correlation* 

As shown In Fig* 7, the tall strut is mounted on the lower surface of the horizontal tall, fairly close 
to the quarter-chord point, and could have caused an adverse disturbance in the flow field on the lifting 
side of the tall where high negative pressure gradients exist. The horizontal tall elevator settir n require- 
ments for trim are shown In Fig. 9 for both the flight results and the tests w1 4 h the aircraft mounted on 
the two strut systems* As shown, the wind tunnel test data taken with the strut interference effects on the 
horizontal tall shows large differences In elevator requirements tor longitudinal trim and in static stabil- 
ity compared to flight test results; on the other hand, elevator requirements for lonqitucMnal trim and 
Static stability using the noninterference strut location show close correlation with flight test results. 

The flight test data Indicate elevator requirements 'or trim that fall between unconnected wind tunnel data 
and wind tunnel data Incorporating conventional wind tunnel wall corrections. 

The lift, drag and angle of attack based on * - <* fur given conditions of steady flight and propel- 
ler* thrust are shown in Fig. 10 for flight test and wind tunnel results. Good correlation is shown with the 
noninterference struts; although not shown, good correlation was also obtained with the tall strut mounted 
at the horizontal tall for all parameters except the previously discussed longitudinal control and static 
longitudinal stability* Introducing conventional tunnel wall correction appears to over correct the data 
when It Is compared with flight test results. Correlation between flight and wind tunnel test data for 
lift coefficient and angle of attack was quite good when angle of attack was determined from aircraft atti- 
tude, 0 (measured with an Attltude/Headinq Reference System) and calculated flight path angle, f . (this 
technique was also used for the XV- 5B and the data in ref. 1.) However, as shown in Fig. 11, the anqle of 
attack, a, measured by the vane on the nose boons was approximately 6° hUner than the angle determined by 
the 0 -y method; the difference was due in the high upwash effect on the vane at these hlqb lift coeffi- 
cients. The angle of attack vane was located 2.11 t hord lengths forward of the wing leading edge and 0,4/ 
chord lengths below the wing chord plane. 

Wind Tunnel Test Parameters for V/STOl: Wind tunnel sizing parameters for testing V/5T0L aircraft or 

models, fig. 12, were suggested In ref. 1 tor unao.elerated flight conditions. The XV-5B and YCW-10 aircraft 
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were sl2ed within the test parameters shown In the figure. The size of the aircraft, span to tunnel width, 
the lifting element area, and the momentum area parameters appear to he reasonable based on the correlation 
results for level flight test conditions i.f these types of V/5T0L aircraft in the 40- by rio-foot wind tunnel. 
Although the measurements made for decelerating, descending flight were less conclusive, it appears that if 
all factors (such as strut interference drag effects) could be accurately accounted for, fairly good predic- 
tion of flight path descent angle, power requirement, deceleration, and vectoring requirement could be made 
from wind tunnel test results with models sized within the parameters outlined In ref. 1. 

3. COMPARISON OF ACOUSTIC MEASUREMENTS 

Because of a forward speed effect on the generation of the noise, correlation of noise data from a 
static test stand with flight test data is often poor. Fig. 13 Illustrates some of the possible forward 
velocity effects. Although some acoustic research can be carried on in flight, the environment is relatively 
uncontrolled, data samples are necessarily short, and the testing is expensive. Furthermore* diagnostic 
studies of the effect of velocity on the noise source are extremely difficult. For these reasons, Ames has 
concentrated on developing techniques for measuring noise in the 40- by 80-foot wind tunnel. Of course, 
the final proof of these techniques Is a comparison of noise measurements made In the wind tunnel with those 
measured In flight. This section of ti»c ^*per will briefly describe the technique used for measuring noise 
In a wind tunnel, and will then present comparisons of noise data obtained In wind tunnel tests with those 
obtained in flight tests for both fan-powered and jet-powered flight of the XV-5B aircraft, and the Y0V-1Q 
RCF aircraft. Results of a joint program with lewis Research Center are also presented. Noise measurements 
in a wind tunnel may be contaminated by the reverberant sound field and the background noise. These prob- 
lems are discussed independently although solutions for one problem may alleviate the other. 

The wind tunnel Is semi reverberant in that the sound energy flows out of the test section from the 
upstream and downstream end. The resultant propagation of noise in the test section is shown in Fig. 14 as 
the change In sound pressure level as a function of distance. In the free field, the sound pressure i*vel 
drops 6 dB per doubling of distance. In the test section, however, the noise approaches a constant vaiue 
at some distance from the source because the reverberation signal Is added to the direct signal. The final 
level and distance from the source is dependent on the frequency as shown In the figure, and also on the 
direction. To obtain free field measurements In this environment. It Is necessary to subtract the rever- 
berant field strength from the measurement. 

The reverberant ^ield strength Is determined by a calibration procedure which is illustrated in Fig. 15. 
The characteristics of a source, depicted by the loudspeaker in the figure, are measured in an anechoic 
chamber, or outside, to determine the free field characteristics. The source is then placed In the wind 
tunnel test section, where Its characteristics are again measured. The Increment between these two measure- 
ments Is the strength of the reverberant field. This Increment is subtracted from the wind tunnel data on 
a 1/3 octave band basis. For compact noise sources, a speaker can usually be used in the determination of 
the reverberation correction; however, for extended sources, such as supersonic jets, the correction can 
bast be determined by deriving the corrections using the actual source to be measured. The wind tunnel, 
struts, and microphone mounts all contribute background noise, which for simple measurements must be less 
than the noise from the source being studied. For no significant background noise contribution, 10 dB 
separation is required, while data with greater than 3 dB separation can be corrected. All data used In 
this paper were sufficiently above the background noise level of the wind tunnel to extract the data. Where 
the background level Is too high for conventional measurements, a phased microphone array (ref. 5) can be 
used to extract the noise being measured from the background noise. Wind tunnel data used in the following 
comparisons was corrected for reverberations as previously described. In addition, some of the data in the 
F-106 jet noise comparison were corrected for background and near-field effects. The effect of measurements 
In the near field was obtained by subtracting a noise increment from the data that were derived from a com- 
parison of near-field and far- field data from the static test stand. 

Flight test data have been corrected for ground reflections and, where necessary, the doppler shift. 

The treatment for different measuring distances varies with the particular test and is described in each 
case. 


Comparison of Noise-Oata XV-5B Aircraft: Noise was measured in the wind tunnel ana in flight tor the XV-SB 
flying Tri both the fa h-powere3 a nd jet- powered flight modes* Flight noise data were corrected to the micro- 
phone distance for the wind tunnel noise tticasu remen ts . Figs. 16 through IB show spectra from uind tunnel and 
flight for the XV-5B in the fan-powered mole at an airspeed of 70 Foots. In Fig. 16 the microphone was far 
ahead of the aircraft. The spectra agree within - 1 dll across the spectrum and overall sound pressure level 
agrees within 1.7 dB. The main cause of thi^ dlvrepuncy is a c dB discrepancy at the fan fundamental tone. 

The microphone for the data In Fig. 17 is also ahead of the aircraft, just forward of the nose. Again, the 
spectra ag**ee within 4 3 dB, but the overall sound pressure level is within 0.7 dB. The data in Fig. 18 are 
from a microphone behind the aircraft. In this rase, the spectra are in good agreement to 1600 Hz; however, 
the fan tone in the wind tunnel was 5 dH higher than in flight, and the wind tunnel measurements at high fre- 
quency were consistently above the fliqht measurer ont. In assessing the shape of the spectra and comparing 
with the other two microphone positions, it appears probable that the flight measurement s of blade passing fre- 
quency, 5PL, are In error rather than the wind tunnel measurements. In any rase, the wind tunnel noise meas- 
urements give a good representation of the fliqht measurements for the XV - BB in fan-powered flight. 

Figure 19 shows the noise spectra for the XV-5B in iet- powered flight. These data were repur ted in 
ref, 6, In this case, the noise was predominantly broadband in nature. The spectra shown agree within • 3 
dB, which was also the accuracy of the spectra for ail of the measuring positions. In terms of overall 
sound pressure level and perceived noise level the wind tunnel and fliqht measurements agreed within 1 dB. 

Comparison of Noise Data - YOV-10 Hi f Aircraft: During the wind tunnel tests on the Y0V-I0 Rf.f aircraft, 

noTse wa$~meas ure3~ andthen compared with Flight tests. Figure t0 shows noise spectra from the wind tunnel 
and flight test for a microphone directly under the nose of the aircraft. The data have been corrected to- 
the microphone distance of 19 ft (f.H r.) the d1«.tan«e of the wind tunnel me isu remen ts for this nrpariv-r. 

The spectra agree very well, both for the blade passing freguen- y < w.g wjnen t s and the broad band ni>ponents. 
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There does appear to be a problem at 10,000 Hz that may be caused by excessive line length for the flight 
test measurement setup. As shown In ref. 6, this good agree tent was typical for all microphone locations. 

The overall FAR-36 takeoff and landing noise levels for the Y0V-10 RCF aircraft are very low. During 
takeoff, 3.5 nautical miles from start of ground roll, the noise level was less than 83 PNdB and during 
landing approach, with a descent angle of 8°, the noise directly beneath the aircraft at distance of 1 nau- 
tlcal mile from touchdown was about 88 PNdB, This Is partially due to the steep gradient STOl performance 
capability of the aircraft, but In large part Is due to the low tip speed of the reduced diameter propellers. 

Exhaust Suppressor Measurements 0-85 Engine: Although not directly related to V/ST01, a comparison of wind 
tunnel and flight measurements “of noise of exhaust suppressors provides further information on the gw', turn 
of whether ground-based facilities can be used to evaluate flight noise signatures, For some time, lewis 
Research has studied the effectiveness of mixer-suppressor exhaust nozzles in flight using the F-106 as the 
test bed (Fig. 21). A nacelle with a 0-85 jet engine and appropriate suppressor hardware was mounted under- 
neath the wing. The aircraft was then flown over a noise test ange at 300 ft altitude with the primary 
power plant throttled back as much as possible. 

The same nacelle, with the 0-85 engine, and some of the same mixer-suppressor nozzles wevv* tested in 
the 40- by 80-foot wind tunnel (ref. 7). The nacelle was mounted under the wing of a 3/4 scale model of 
the F-15 (Fig. 22) to simulate the Installation effects. In order to maximize signal-to-noise ratio for 
the quieter suppressors, the microphones were at a 13-ft (3.96 m) sideline distance from the jet. The effect 
of measuring In the near field was corrected by an amount determined In outdoor static tests. The wind 
tunnel. data was extrapolated to a 300-ft (91.5 m) sideline for the comparison. In these cases, spectra 
from the flight data were not always available, so the comparison Is of perceived noise level. 

Figure 23 shows the results for a conical ejector nozzle. Wind tunnel and flight test data agree 
within ±2 dB except for the rear-most angle. Figure 24 shows results for a 104 tube nozzle where the wind 
tunnel and flight test data agree within ±1 dB. Finally, figure 25 shows data for the 104 tube nozzle with 
an acoustic shroud which shows agreement within ±2 dB. It should be noted that the data for 104 tube 
nozzle without suppressors was not available at some angles from the wind tunnel tests because the back- 
ground noise level was too high. Thus the background noise level of the facility can seriously limit the 
data obtained. Use of a phased microphone array described in ref, 5 would have solved this problem. 


4. CONCLUDING REMARKS 

Further correlations between wind tunnel and flight test data for aircraft have tended to confirm the 
model -to-wlnd tunnel size ratios suggested in ref. 1 for V/ST0L testing with small wall corrections. As was 
emphasized In ref. 1, these limits apply only for level, unaccelerated flight at speeds above 30 knots. 
Indications are that for descending/decelerating flight of y ■ -10 p and 0.2g, the data will be uselul, but 
normal and axial accelerations may be In error. 

Correlation of noise measured in the wind tunnel with that measured In flight was generally good, 
Indicating that large wind tunnels can be used to make meaningful noise measurements at forward speed, 
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Table 1, 

- Research Aircraft Characteristics 


CHARACTERISTICS 

XV-5B 

Y0V-10 RCF 

Gross weight* 1b 

12,100 

11,700 

(kg) 

(5500) 

(5320) 

Wing area, ft 2 

260.3 

244 

(m 2 ) 

(24.17) 

(22.67) 

Wing span, ft 

M 

29.8 

34.0 

(9.07) 

(10.36) 

Fan or propellor diameter, ft 

5.16/3.0* 

9.42 

(m) 

( 1 . 574 )/ f 0 . 91 5 ) 

(2.87) 

T/W ratio, uninstalled 

1.25(tota1) 

0.45 

Fan pressure ratio 

1.1 

- 

Rotating cylinder, RPM/HP 
diameter, ft 
(m) 


7500/30 

1.0 

(0.305) 

Approach velocity, knots 

100 o 

Oecelerati ng 

57.0 

Approach 

V/STOL 

4.3 

Approach y, deg 

Sideline Noise level, PNdB 
(500 ft (152.5 m)) 

•10 to -20 

•3 to -8 

Takeoff 

113 

99 

landing 

♦Wing Fan/Nose Fan Diameters 

112 

93 




Hg. 2 V0V-10 RCf Aircraft in flight test 




Fig. 1 XV-58 fan*1n-<*1ng aircraft 

In flight test 
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Fig, 8 Y0V-1Q RCF aircraft in the Ames 4QX80-Foot Fig. 11 
Wind Tunnel with strut mounted at 
forward fuselage 


Y0V-10 RCF STOL aircraft upwash effects on 
angle of attack vane. 6^ 8 50/25 
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Fig. 9 Comparison of flight and wind tunnel 
measured elevator deflection for trim 
Y0V-10 RCF aircraft, * f - 50/25 


Fig. 12 Three model -to-wind-tunnel sizing parameters 
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Fig. 10 Comparison of flight and wind ' U nne1 
measured lift and drag data for vo*- c Cf 
aircraft, f - 50/ *'5 


Fig. 13 Noise sources influenced fcj 
forward speed 
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Fig. 21 F-106 aircraft with J-85 engine 

mounted underneath wing 
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Fig* 25 Comparison of wind tunnel data with flight 
data for the 104 tube nozzle with acoustic shroud 


